The laser-induced damage threshold of fused-silica samples processed via magnetorheological finishing is investigated for polishing compounds depending on the type of abrasive material and the post-polishing surface roughness. The effectiveness of laser conditioning is examined using a ramped pre-exposure with the same 351-nm, 3-ns Gaussian pulses. Finally, we examine chemical etching of the surface and correlate the resulting damage threshold to the etching protocol. A combination of etching and laser conditioning is found to improve the damage threshold by a factor of ~3, while maintaining <1-nm surface roughness.
INTRODUCTION
The laser-induced damage threshold (LIDT) in the nanosecond-pulse-duration regime is limited by the presence of absorbing defects. However, the potency and density of damage-initiating defects is a function of both the polishing process and subsequent cleaning. Chemical processing and laser conditioning are two methods that have been shown to improve the damage performance of materials. Chemical processing etches the defect-rich layer near the surface. On the other hand, laser conditioning is a localized, noncatastrophic modification of the absorbing defects to a state of reduced absorption that is stable under further irradiation.
Magnetorheological finishing (MRF) employs a specialized polishing slurry, where the removal function is generated by the interaction of a magnetic field with an iron-based magnetorheological fluid containing additional abrasive particles. Because the polishing tool is fluid based, it conforms to the shape of the surface being polished and provides a deterministic approach to improving both the shape and surface quality of the part. The resulting surface quality and material removal rate are dependent on the fluid properties (composition and viscosity) as well as other process parameters. For example, decreasing the abrasive particle size is known to frequently decrease surface roughness, but it may also decrease the removal rate, thereby increasing the processing time. It is recognized that MRF produces surfaces with minimum subsurface damage. Contaminants from the polishing remain on the surface, however, even after conventional cleaning, thereby reducing the LIDT. Combined with proper post-processing, MRF polishing has been shown to be an effective finishing technique to improve the damage threshold of fused-silica optical surfaces. [1] [2] [3] Arguably, further improvements in post-processing methods of MRF-polished silica (and other optical materials of high value) can provide new solutions to designing and fabricating optical components that can also be suitable for implementation in large-aperture laser systems.
The aim of this work is to explore pathways to optimizing the damage performance of MRF-polished fused silica. We first examined the LIDT of silica samples processed with various MRF polishing compounds, depending on the type of abrasive material and the post-polishing surface roughness. The same laser pulses (351-nm, 3-ns Gaussian) were then used to pre-expose the MRF-polished samples in order to investigate the capability for effective removal of absorbing species by laser conditioning. Chemical etching of the surface was also conducted and the ensuing damage threshold correlated to the etching protocol. The results presented in this work provide insight into different processes and mechanisms involved in the interaction of 351-nm laser pulses with MRF-polished silica surfaces before and after postprocessing; the results also highlight strengths and limitations of each post-processing approach to improve the damage performance.
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EXPERIMENTS

Variation of MRF slurry
Four different commercially available polishing slurries were used, and samples were labeled using the catalog name of these slurries (QED Technologies). Two slurries (C30 and C10+) used ceria abrasive particles, while two others (D20 and D11) used diamond abrasive particles. The particle sizes in C30 and D20 were smaller than their respective counterparts C10+ and D11. Figure 1 shows examples of surface quality produced by the various slurries. The vertical streaks are a signature of the MRF process, resulting from the unidirectional interaction between slurry and substrate during polishing. The amplitude of this signature can be minimized through control of the abrasive particle size. The results show that C30 is observed to produce the lowest roughness. While the ceria-based compounds are found to produce a slightly higher quality optical surface than diamond-based compounds, the particle size is the dominant parameter when considering only the surface roughness. Exit-surface damage testing experiments were performed on these samples (two for each slurry) at a 7° angle of incidence with a repetition rate of 0.1 to 5 Hz and a spot diameter of ~300 μm. Pulse energy and the equivalent-plane beam profile of each pulse were measured using a pickoff. Optical damage was detected in situ using dark-field microscopy and by comparing images of the site taken before and after irradiation using image subtraction. Damage at each site was recorded as binary (1 = damaged, 0 = no damage), and the observed damage probability P was calculated using P(F) = N 1 /(N 1 + N 0 ), based on the number of sites N 1 (F) that were damaged at or below fluence F and the number of sites N 0 (F) that were not damaged at or above F. This method allows one to construct a damage-probability distribution that directly represents all of the binary data, while making no assumptions about the curve shape. The estimated fluence of damage initiation (within the known constraints of the small-beam damage testing) was extracted from this distribution by linearly fitting the transition from 0 1 P ≤ ≤ and defining the LIDT to within < ±5% by the x intercept of this fit. The LIDT was measured for singlepulse exposure (1-on-1) and for a multi-pulse ramp (N-on-1), where the ramp starts at one-half of the 1-on-1 LIDT and gradually increases the fluence at the same site until damage is detected. The fluence increment of this ramp was always <10% relative to the current fluence and was typically <5%.
Damage-probability data for the various slurries are plotted in Fig. 2 . The ceria-based slurries yielded higher LIDT than those based on diamond. Furthermore, within a given slurry species, smaller abrasive particle sizes correlated with higher LIDT. Therefore, these results show a correlation between high LIDT and low surface roughness from MRF polishing. The best-performing slurry was C30, with a 1-on-1 LIDT of 10.5 J/cm 2 and N-on-1 LIDT of 19.5 J/cm 2 . Across all slurries, the N-on-1 LIDT shows a factor of ~2 increase compared to 1-on-1, suggesting the involvement of laser-conditioning processes under exposure to sub-damage laser fluences. Damage morphology for C30 was examined with a scanning electron microscope (SEM) (Fig. 3) , revealing that damage is defined by a collection of ~100-nm-scale pits. This type of damage has been referred to as "gray haze," 4 because of the macroscopic hazy appearance of a surface in the presence of a high concentration of such pits. The N-on-1 and 1-on-1 damage sites are all defined by this same damage morphology; therefore the inherent laser conditioning of the N-on-1 fluence ramp does not appear to change the damage mechanism. In this case, this damage is likely initiated by superficially lying contamination (probably iron), which was introduced by the MRF slurry during polishing. 
Chemical etching
It has been shown that chemically etching the surface can improve the LIDT, 1 apparently by removing this contaminated layer. Another potential benefit of an etching process is the removal of subsurface defects that may be left over from earlier conventional polishing stages of the optic.
5-7 Therefore, we investigated the change in the damage threshold as a function of chemically etched depth of MRF-polished silica samples.
A silica sample with C30 MRF polishing was etched to various depths by bathing in 20:1 buffered oxide etch (BOE) solution for various time intervals. The etch-bath experiments were performed at room temperature and stirred at 600 rpm, thereby removing material from both sides of the optic. After each etching time interval, the sample was resubmitted for damage testing, using the protocols described previously, and tested in a fresh region of the sample. The thickness of the sample was measured before and after each etch using a drop micrometer. From these measurements, the average etch rate was empirically determined to be 27.6±1.5 nm/min. The surface roughness was measured by optically profiling (Nexview, Zygo) 25 locations across the sample, each with a 430 × 430-μm field of view and filtered with a 3σ spike clip. The rms roughness as a function of etch depth is shown in Fig. 4(a) . The rms roughness was observed to increase approximately linearly with depth at a rate of 0.22-nm rms per micron of etching, starting at 0.65 nm before etching and reaching 4.66 nm for our maximum etch depth tested in this work, 19.3 μm. However, the rms itself showed increasing variability across the optic for increasing depth, indicating a degradation of the surface's optical quality (scattering, wavefront, etc.). Regardless, some high-power laser applications may accept this compromise if the LIDT is sufficiently improved.
Results of damage testing as a function of etched depth are shown in Fig. 4(b) . All tested depths improved the 1-on-1 LIDT by at least a factor of ~2 and remained fairly constant with etch depth at 21.9±1.4 J/cm 2 . A minor exception was observed at a depth of 2.5 μm, where an unexpected slight decrease of LIDT was observed. The damage testing results demonstrate that the 1-on-1 LIDT at all measured etch depths exceeds the non-etched N-on-1 LIDT. This suggests that chemical etching is more effective in removing MRF-induced contamination than laser conditioning with 3-ns Gaussian pulses. Furthermore, the N-on-1 results on the etched surface show an additional increase of the LIDT. For the development of methodologies for post-processing MRF-polished silica surfaces, the mostimportant behavior observed is that even for as shallow an etch as ~1 μm, the 1-on-1 LIDT increased by a factor of more than 2×. Furthermore, the combination of ~1 μm of etching plus laser conditioning raises the N-on-1 LIDT above 28 J/cm 2 , with only a minor increase in surface roughness.
SUMMARY
In this work, we have investigated 351-nm laser-induced damage performance of MRF-polished silica, as a function of polishing slurry and post-processing protocol. For samples without chemical etching, high LIDT was correlated with low surface roughness. This is exemplified by the performance of samples polished with slurry C30, which showed the bestquality optical surface and also exhibited the highest LIDT. Ramping the laser fluence (N-on-1 test) improved the LIDT by a factor of ~2 for all slurry types, presumably by laser conditioning or laser cleaning of the superficial contamination introduced by the slurries. Chemically etching the MRF-polished surface to any depth in the range of 1 to 20 μm significantly improved the LIDT, raising the etched 1-on-1 beyond the non-etched N-on-1. Upon chemical etching, high LIDT was no longer found to correlate with low surface roughness. Of particular interest, etching to a 1-μm depth maintained <1-nm rms roughness across the optic, while the N-on-1 LIDT increased to 28 J/cm 2 -a factor-of-3 improvement above the damage performance of the same optic without post-processing. Therefore, a post-processing protocol that combines both chemical etching and laser conditioning is found to yield the most-favorable damage performance for MRF-polished silica. A more-extensive study of the laser-conditioning aspect, including the effect of varying the temporal shape and duration of the conditioning pulse, will be presented elsewhere.
